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Abstract
Approximately 70% of the initial ferriprotoporphyrin IX polymerizing activity in cell-free preparations of erythrocytes
infected with Plasmodium berghei was recovered in a chloroform extract. No polymerizing activity remained in the residue. In
studies to identify substances that promote FP polymerization, arachidonic, linoleic, oleic, and palmitoleic acids, 1-mono-
and di-oleoylglycerol, and the detergents, SDS, Tween 80, and n-octyl-glucopyranoside, were active. Tri-oleoylglycerol,
cholesterol, di-oleoylphosphatidylethanolamine, and stearic and palmitic acids were inactive. The model lipid, mono-
oleoylglycerol (250 nmol), co-precipitated with FP from a 0.09 M acetate medium at pH 5 and promoted the polymerization
of 215 nmol (61%) of the ferriprotoporphyrin IX in the precipitate during a 24-h incubation at 37‡C. Polymerization was
maximal at pH 5, it was approximately linear for 2 h, and it continued at a decreasing rate for 24 h. The polymer contained
exclusively ferriprotoporphyrin IX (97 þ 1.3%, mean þ S.E., n = 4) and exhibited the solubility and the electronic absorption
and infrared spectral characteristics of the sequestered ferriprotoporphyrin IX of hemozoin. Detergents presumably promote
polymerization in an acid medium by helping to dissolve monomeric FP. We suggest that unsaturated lipids co-precipitate
with FP in the parasite’s acidic food vacuole and also dissolve sufficient monomeric FP to allow polymerization. ß 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction
The ability to sequester FP (ferriprotoporphyrin
IX or ferriheme) in hemozoin in a form that is rela-
tively insoluble in SDS is an important adaptation of
malaria parasites [1]. It allows them to avoid FP
toxicity while digesting hemoglobin. The sequestered
FP is similar or identical to the polymer, L-hematin
[1^3]. In this polymer, coordination complexes be-
tween iron atoms and carboxyl groups link FP
monomers together [2,3]. Two types of heme polym-
erizing activity (HPA) have been described in cell-
free preparations of Plasmodium berghei [4]. HPA I
is heat-labile, resistant to inhibition by protease, and
active in an acidic medium at low acetate concentra-
tions (0.08 M, pH 5). It is considered to be the phys-
iologically relevant FP polymerizing activity [4].
HPA II is heat-stimulable, susceptible to inhibition
by protease, and active at high acetate concentra-
tions (5 M, pH 5). Chloroquine treatment of malar-
ious mice causes a 90% reduction in HPA I in chlo-
roquine-susceptible P. berghei in vivo [5].
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When ¢rst discovered, the HPA of malaria para-
sites was thought to be a function of an enzyme [5,6],
but such an enzyme has not yet been found [4,7].
HPA also has been suspected of being a function
of lipids [8,9], of histidine rich proteins [10], and
even of L-hematin itself [7]. From these possibilities,
we have chosen lipids for further study. This choice
was based on reports that the lipids of malaria para-
sites are enriched with oleic acid [11,12] and on re-
ports that acetonitrile extracted a material from he-
mozoin which promoted rapid formation of
L-hematin [7,8]. The acetonitrile extract contained
lipids that, when treated with water-free methanol/
potassium hydroxide, yielded the methyl esters of
oleic, palmitic and stearic acids [8]. Furthermore,
heating dioleoyl-phosphatidylethanolamine in the
presence of acetic acid and hematin produced an
acetonitrile-soluble material, which promoted L-hem-
atin formation [8].
In the present work, we demonstrate that several
puri¢ed, unsaturated lipids can promote FP polymer-
ization, and we provide evidence that the HPA of P.
berghei is a function of one or more of these lipids.
2. Materials and methods
Washed erythrocytes from Swiss mice (CF-1, Har-
lan Sprague Dawley) were lysed by freezing in liquid
nitrogen, thawing, and centrifuging to obtain a cell-
free pellet, all as previously described [5]. The eryth-
rocytes were either uninfected or infected with ap-
proximately 1500 parasites of P. berghei NYU-2
per 1000 erythrocytes. The cell-free pellets were
washed four times by suspending them in 10 vols.
of an isotonic medium bu¡ered at pH 7.4 with
50 mM phosphate [5] and centrifuging to retrieve
the pellets. Lipids from the washed pellets were ex-
tracted into chloroform using the method of Bligh
and Dyer [13] as modi¢ed by Cohen et al. [14]. For
subsequent measurement of FP polymerization, ali-
quots of the chloroform fractions were thoroughly
dried in polypropylene assay tubes at room temper-
ature under a continuous stream of nitrogen. When
puri¢ed lipids were studied, they too were dissolved
in chloroform and aliquots were transferred to poly-
propylene assay tubes and thoroughly dried under
nitrogen.
To measure their ability to promote FP polymer-
ization, the substances of interest were suspended in
appropriately bu¡ered media, with sonication when
necessary, monomeric FP was added to achieve the
desired concentration, and the ¢nal volume was ad-
justed to 2 ml. Then the assay tubes were capped and
attached to a slowly rotating wheel for incubation
under various conditions. Incubations were termi-
nated by centrifugation to collect the precipitate,
and the precipitate was washed by suspension in at
least 2 ml of 2.5% SDS in a medium bu¡ered with
50 mM phosphate at pH 7.4 and centrifugation [5].
After three washes, when the supernatant solution
was colorless, the precipitate was resuspended in
2.5% SDS, sodium hydroxide was added to achieve
a concentration of 0.05 N, and FP was measured
spectrophotometrically [15].
FP in the form of hematin, puri¢ed lipids, and
other reagents were purchased from Sigma St. Louis,
MO.
3. Results
Chloroform extraction of cell-free preparations of
uninfected and infected erythrocytes removed a ma-
terial that promoted the formation of a SDS-insolu-
ble FP precipitate. Assuming that this precipitate is
polymerized FP, approximately 70% of the HPA in
the preparations from infected erythrocytes was re-
covered in the chloroform fraction in a single extrac-
tion (Table 1). More unexpectedly, chloroform ex-
tracted approximately 50% as much HPA from
cell-free preparations of uninfected erythrocytes as
from infected erythrocytes, despite the fact that
HPA was undetectable in the cell-free preparations
of uninfected erythrocytes (Table 1). No HPA was
detectable in the residue remaining after chloroform
extraction, even when hemozoin FP was present, as
was the case in preparations from infected erythro-
cytes.
Thin layer chromatographic analysis [16] of the
chloroform extractable fractions revealed only the
lipids expected in biological membranes, including
cholesterol, phospholipids, and acylglycerols. There
were no qualitative di¡erences between infected and
uninfected erythrocytes. By gas chromatography/
mass spectroscopy [17], free fatty acids also were
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detected, but only in trace amounts. After hydrolysis
[17] of the lipids in the chloroform fractions, gas
chromatography/mass spectroscopy detected free
fatty acids, including arachidonic, linoleic, oleic, pal-
mitic, and stearic acids. Limited experiments to
quantitate these fatty acids con¢rmed an earlier re-
port [12] that the lipids of erythrocytes infected with
P. berghei contain more oleic acid and less arachi-
donic acids than uninfected erythrocytes. No unusual
fatty acids were detected.
After considering the foregoing results, several pu-
ri¢ed lipids were purchased and screened for ability
to promote FP polymerization. Arachidonic, linoleic,
oleic, and palmitoleic acids and mono- and di-oleoyl-
glycerol were active (Table 1). Tri-oleoylglycerol,
cholesterol, di-oleoylphosphatidylethanolamine, and
the saturated fatty acids, stearic and palmitic, were
inactive. Di-oleoylphosphatidylcholine was mini-
mally active (Table 1). The fact that all of the active
lipids were unsaturated raises the possibility of an
oxidation step in FP sequestration, but that possibil-
ity was not evaluated in these studies.
To obtain samples of the SDS-insoluble FP pre-
cipitates for characterization, 350 WM FP was incu-
bated as described in Table 1 either with the lipids
extracted from erythrocytes infected with P. berghei
or with the model lipid, 1-mono-oleoylglycerol. The
Table 1
E¡ects of selected substances on FP precipitation at pH 5
Addition Precipitate
(nmol/ml)
Cell-free preparation (uninfected erythrocytes) Nil
Lipids from uninfected erythrocytes 18 þ 4 (4)
Cell-free preparation (infected erythrocytes) 50 þ 4 (4)
Lipids from infected erythrocytes 34 þ 3 (4)
Oleic acid 55 þ 8 (4)
Linoleic acid 25 þ 5 (4)
Palmitoleic acid 26 þ 4 (5)
Arachidonic acid 37 þ 8 (5)
1-Mono-oleoylglycerol 77 þ 11 (6)
1,2-Di-oleoylglycerol 47 þ 5 (6)
Di-oleoyl-phosphatidylcholine 7 þ 2 (5)
Cell-free preparations equivalent to 25 Wl of packed erythro-
cytes per ml of incubation mixture, lipids extracted from cell-
free preparations (in each case equivalent to 25 Wl of packed er-
ythrocytes per ml of incubation mixture) or a suspension of pu-
ri¢ed lipids (250 nmol/ml) were incubated at 37‡C for 2 h at
pH 5 in a medium containing 350 WM FP and 0.08 M acetate
(cell-free preparations) or 0.09 M acetate (lipids). Means, stand-
ard errors and numbers of experiments are shown.
Fig. 1. Electronic absorption spectrum of a SDS-insoluble FP
precipitate formed in the presence of 1-mono-oleoylglycerol.
The precipitate was obtained from a 24-h incubation at 37‡C in
a 0.09 M acetate medium (pH 5) which contained 350 WM FP
and a suspension of 250 nmol per ml of 1-mono-oleoylglycerol.
The spectra were obtained with a Beckman 25 spectrophotome-
ter. The solid line represents the precipitate suspended in 2.5%
SDS (pH 7.4). The broken line represents the monomeric FP
that formed when su⁄cient NaOH was added to the suspension
to achieve a concentration of 0.05 N.
Fig. 2. Infrared spectrum of a SDS-insoluble FP precipitate
formed in the presence of 1-mono-oleoylglycerol. The precipi-
tate was obtained from a 24-h incubation at 37‡C in a 0.09 M
acetate medium (pH 5) which contained 350 WM FP and a sus-
pension of 250 nmol per ml of 1-mono-oleoylglycerol. The spec-
trum of the FP precipitate compressed in a KBr pellet was ob-
tained with a Perkin-Elmer PARAGON 1000 Fourier transform
infrared spectrometer. The arrows identify the characteristic
peaks of polymerized FP at 1210 and 1664 cm31 [2].
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resulting precipitates were puri¢ed by washing ¢ve
times with 2.5% SDS (pH 7.4) and four times with
distilled water. The yield of SDS-insoluble FP after
24 h of incubation was approximately 60% of the
initial amount of FP in the incubation medium.
Some of the solubility characteristics of the SDS-
insoluble FP precipitates from 24-h incubations in
the presence of mono-oleoylglycerol are shown in
Table 2. Compared to hematin, the precipitates
were approximately 9% as soluble in chloroform,
12% as soluble in NaHCO3, and 14% as soluble in
SDS (pH 7.4). These results are similar to those ob-
tained with puri¢ed hemozoin FP, except that the
latter apparently is even less soluble in NaHCO3 [1].
For quantitative analysis, SDS-insoluble FP pre-
cipitates from 24-h incubations in the presence of
mono-oleoylglycerol were lyophilized and dried
over phosphorus pentoxide for a minimum of
2 days. Portions of the dry precipitate then were
weighed on a Cahn Electrobalance (Model G) and
suspended in 2.5% SDS (pH 7.4), and NaOH was
added to convert the precipitate to monomeric FP
(Fig. 1) for spectrophotometric measurement [15].
The FP content of four di¡erent precipitates ob-
tained from 24 h incubations was equal to
97 þ 1.3% (mean þ S.E.) of the weight of the precip-
itates. This result is consistent with the precipitate
being a polymer composed exclusively of FP mono-
mers, and it excludes the possibility that the precip-
itate is merely a complex of FP with mono-oleoyl-
glycerol. In this regard, the SDS-insoluble FP
precipitate is similar to hemozoin FP [1^3].
Fig. 3. FP polymerization as a function of lipid content. Vari-
ous amounts of 1-mono-oleoylglycerol, as indicated on the ab-
scissa, were incubated at 37‡C for 2 h in a 0.09 M acetate me-
dium (pH 5) containing 350 WM FP. Means and standard
errors for three separate experiments are shown.
Fig. 4. FP polymerization as a function of time and tempera-
ture. A suspension of 1-mono-oleoyl glycerol (250 nmol/ml) in
a 0.09 M acetate medium (pH 5) containing 350 WM FP was
incubated for the lengths of time shown on the abscissa. The
means and standard errors for three separate experiments are
shown. The incubation temperatures were 24‡C, open squares;
37‡C, open circles ; and 70‡C, solid circles.
Table 2
Solubilities of the SDS-insoluble FP precipitate and hematin
Sample 2.5% SDS (nmol/ml) 3% NaHCO3 (nmol/ml) Chloroform (nmol/ml)
Hematin 22 þ 5 138 þ 11 74 þ 3
SDS-insoluble precipitate 3 þ 0.7 17 þ 2 7 þ 2
Solubility was tested as previously described [1]. The samples to be tested (approximately equivalent to 235 nmol of FP per ml of sol-
vent) were suspended with mixing for 2 h at 25‡C in the solvents, and this was followed by centrifugation at 28 000Ug for 10 min to
remove undissolved precipitate. The amount of dissolved FP was measured spectrophotometrically [15]. The means and standard er-
rors for three separate experiments are shown.
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The electronic absorption [1] and infrared spectra
[2] of the SDS-insoluble FP precipitates formed in
the presence either of the lipids from the chloroform
extracts of erythrocytes infected with P. berghei or of
puri¢ed mono-oleoylglycerol were typical of hemo-
zoin FP. The electronic absorption spectrum of these
precipitates had a broad Soret band between 340 and
500 nm and another maximum at approximately
670 nm (Fig. 1), and the infrared spectrum exhibited
the expected peaks at 1210 and 1664 cm31 (Fig. 2).
These spectra, together with the FP content and the
solubility characteristics are su⁄cient to identify the
precipitate formed in the presence of mono-oleoyl-
glycerol as a polymer of FP, similar or identical to
the sequestered FP of hemozoin.
We may turn now to the process of FP polymer-
ization in the presence of mono-oleoylglycerol, as
illustrated in Figs. 3^6. The dependence of polymer-
ization on lipid content is shown in Fig. 3. During a
2-h incubation at 37‡C in a 0.09 M acetate medium
(pH 5), maximum polymerization occurred at an ini-
tial molar ratio of FP to mono-oleoylglycerol of ap-
proximately 1:2 (Fig. 3). The half-maximal rate of
polymerization occurred at an initial molar ratio of
approximately 1:0.4.
Fig. 4 shows that FP polymerization in the pres-
ence of mono-oleoylglycerol in a 0.09 M acetate me-
dium (pH 5) at 25 and at 37‡C was approximately
linear for 2 h. Thereafter, the rate of the reaction
slowly declined. The amount of FP polymerized after
24 h of incubation was 215 nmol/ml at 37‡C. Po-
lymerization at 37‡C in the presence of mono-oleoyl-
glycerol was faster when the medium was bu¡ered
with 5 M acetate (pH 5), reaching a maximum of
265 nmol/ml within 6 h (Fig. 5). The reaction was
even faster at 70‡C, reaching a maximum of
265 nmol/ml within 2 h in the 0.09 M acetate me-
dium (Fig. 4) and of 226 nmol/ml within 1 h in the
5 M acetate medium (data not shown).
In the absence of mono-oleoylglycerol, no FP po-
lymerization was detected during 24-h incubations at
24 or 37‡C in the 0.09 M acetate medium. On the
other hand, FP polymerization in the absence of
mono-oleoylglycerol was detectable at 37‡C in the
5 M acetate medium and at 70‡C in both media.
Thus, the initial rate of polymerization in the 5 M
acetate medium at 37‡C was approximately 2% of
that in the presence of mono-oleoylglycerol (Fig.
5). Also, during 24-h incubations at 70‡C, approxi-
mately 10% as much FP was polymerized in the
0.09 M acetate medium, and approximately 30% as
much was polymerized in the 5 M acetate medium in
the absence of mono-oleoylglycerol as in its presence.
Fig. 5. FP polymerization in a 5 M acetate medium. The solid
circles represent a suspension of 1-mono-oleoylglycerol (250
nmol/ml) incubated for the lengths of time shown on the abscis-
sa in a 5 M acetate medium (pH 5) containing 350 WM FP.
The open circles represent similar incubations in the absence of
1-mono-oleoylglycerol. The means and standard errors for three
separate experiments are shown.
Fig. 6. FP polymerization as a function of pH. Suspensions of
1-mono-oleoylglycerol (125 nmol/ml) in a medium containing
350 WM FP and 0.1 M citric acid/phosphate bu¡er [20] were in-
cubated for 2 h at 37‡C at the pH values indicated on the ab-
scissa. Means and standard errors for three separate experi-
ments are shown.
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At 4‡C, there was no FP polymerization in either
medium in the presence or absence of mono-oleoyl-
glycerol.
Fig. 6 shows that FP polymerization at 37‡C in the
presence of mono-oleoylglycerol in a 0.1 M citrate/
phosphate bu¡ered medium [20] was extensive be-
tween pH 4 and 5.2, maximal at pH 5, and minimal
at pH 6. Similar results were obtained when 0.09 M
acetate was used as the bu¡er.
Since monomeric FP is insoluble at pH 5, we next
asked whether mono-oleoylglycerol promotes FP
polymerization by increasing the solubility of mono-
meric FP. This question was addressed by adding
350 nmol of monomeric FP dissolved in 0.1 ml of
5 mM NaOH to 0.9 ml of a suspension of 250 nmol
of mono-oleoylglycerol in a 0.1 M acetate medium at
pH 5. The suspension of mono-oleoylglycerol was
visibly turbid. After incubation for 10 min at 37‡C,
the mixture was centrifuged at 28 000Ug for 10 min
at room temperature to separate the precipitate from
the supernatant £uid. All of the FP was recovered in
the packed precipitate; and the supernatant £uid was
clear, indicating that some or all of the mono-oleoyl-
glycerol had co-precipitated with the FP. Over 97%
of the precipitated FP at this point was unpolymer-
ized (Fig. 4), i.e. it was soluble in 2.5% SDS at
pH 7.4. During the next 2 h, however, the FP in
the packed precipitate polymerized at least as rapidly
as it would have polymerized if it had been sus-
pended in the 0.09 M acetate medium at pH 5 (cf.
Table 1 and Fig. 4). Thus, 90 þ 15 nmol of the
packed FP precipitate was polymerized during 2 h
of incubation at 37‡C (mean þ S.E. for four measure-
ments). In the absence of mono-oleoylglycerol, no
FP polymerized in the packed precipitate.
For comparison to lipids, the ability of certain
detergents to promote FP polymerization also was
evaluated. SDS, Tween 80, and n-octyl-glucopyrano-
side each promoted FP polymerization in acid media
(Fig. 7), yielding polymers with an electronic absorp-
tion spectrum typical of L-hematin (cf. Fig. 1). With
2.5% SDS in the medium, polymerization was exten-
sive at pH 4, but it decreased rapidly as the pH was
increased. At pH 5 and above, polymerization in the
presence of SDS was minimal. With the other two
detergents, polymerization was extensive at pH 4,
and it remained extensive as the pH was increased
to 5. As the pH was increased past 5, however, po-
lymerization rapidly declined. None of the detergents
promoted FP polymerization at pH 7 in a medium
bu¡ered with 50 mM phosphate [5].
4. Discussion
The present study unequivocally demonstrates that
certain unsaturated lipids promote FP polymeriza-
tion. It is reasonable, therefore, to conclude that a
lipid is the active component of HPA in P. berghei.
The following observations support this conclusion:
(1) all of the HPA was removed from cell free prep-
arations of P. berghei with a single chloroform ex-
traction; (2) the polymer produced in the presence of
lipid is similar or identical to the sequestered FP of
hemozoin; (3) at 37‡C, mono-oleoylglycerol pro-
motes FP polymerization with a time course similar
to that of HPA I [5]; (4) at 4‡C, both mono-oleoyl-
glycerol and HPA I [5] are inactive with regard to FP
polymerization; and (5) FP polymerization in the
presence of mono-oleoylglycerol is maximal at pH
5, which is the same as that previously reported for
HPA I [5].
If lipids are the active components of HPA, it is
appropriate to consider how they might function in
Fig. 7. E¡ect of detergents on FP polymerization. A medium
containing 350 Wmol FP and 0.09 M acetate was incubated for
2 h at 37‡C and the pH values shown on the abscissa with 20
mM n-octyl-glucopyranoside (solid circles), 0.1% Tween 80
(open circles), or 2.5% SDS (open squares). Means and stand-
ard errors for three separate experiments with each detergent
are shown.
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vivo. Based on our ¢ndings and the previously re-
ported enrichment of parasite lipids with oleic acid
[12], we suggest that lipids co-precipitate with mono-
meric FP in the acidic food vacuole of the malaria
parasite. Furthermore, by analogy to the promotion
of FP polymerization by detergents (Fig. 7), presum-
ably due to increased solubility of monomeric FP, we
suggest that su⁄cient monomeric FP dissolves in the
lipid in the precipitate to allow polymerization to
occur. In this way, the lipid would promote FP po-
lymerization in vivo. Polymerization probably is im-
portant for the survival of the parasite because it
ensures that FP will remain insoluble and non-toxic
when it comes in contact with membrane lipids.
The results of our thin-layer chromatographic and
gas chromatography/mass spectrometric analyses in-
dicate that the lipids extracted from infected and
uninfected erythrocytes are qualitatively similar.
Why then do cell-free preparations from infected er-
ythrocytes have HPA while similar preparations
from uninfected erythrocytes do not? Although the
precise answer to this question is unknown, it is ob-
vious that non-lipid components in cell-free prepara-
tions determine whether or not lipids will be avail-
able to promote FP polymerization. These non-lipid
components may include hemozoin [7], and they may
be di¡erent in HPA I and II. Indeed, di¡erences in
non-lipid components probably account for the dif-
ferent responses of HPA I and II to heat and pro-
tease treatments [4].
It will be of interest to determine whether chloro-
quine treatment causes a 90% reduction in HPA I
activity in P. berghei [5,18,19] in vivo by a¡ecting
primarily the lipid or the non-lipid components of
HPA.
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